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Thin Au-Fe bilayers (3–30 nm in total thickness) were deposited on sapphire
substrates. Annealing in a temperature range of 600–1100�C resulted in solid-
state dewetting and the subsequent formation of micro- and nano-particles.
Electron microscopy, atomic force microscopy and in situ x-ray diffraction
were employed to systematically study two phase transformations in the Au-
Fe system: (1) precipitation of a-Fe from supersaturated Au-Fe solid-solution
particles; and (2) aMc transformation in Fe and Au-Fe thin films and particles.
In both cases, the transformations proceeded differently than in the bulk al-
ready for sub-micron (100 nm to 1 lm) particles. These results were explained
by the low defect concentration in the particles, nucleation difficulties, slow
diffusivity on facets, and Au segregation. A ‘‘reverse size effect’’ was observed
in thin Fe films, and discussed in terms of nucleation model taking into ac-
count the small size of the parent phase. The main conclusion is that phase
transformations in the particles and in the bulk proceed differently, not only
for nano-sized particles as was customarily believed but also for particles of
sub-micrometer size. We suggest that this size effect is governed by two dif-
ferent length scales: the inter-defect spacing (upper limit) and the bulk critical
nucleus size (lower limit).

INTRODUCTION

Phase transformations in small solid particles of
metals and metallic alloys have been the subject of
many theoretical and experimental works in the
last two decades. It has been established that phase
transformations proceed differently at the nanos-
cale compared with bulk material. This ‘‘size effect’’
stems from a change in balance between the differ-
ent thermodynamic driving forces, consequently
altering the conditions for thermodynamic stability.
The roles of surface energy, surface stress and
elastic energy in the size effect in phase transfor-
mations have been demonstrated theoretically,1–3

computationally4,5 and experimentally.6,7

The aforementioned thermodynamic quantities
are customarily used to treat the size effect in
phase equilibria by incorporating their contribution
to the relevant thermodynamic potential for the
system.8 For example, for an isotropic spherical
particle, the capillary term in the free energy scales
with (c/r), where c is the surface energy and r is the
particle radius. This contribution becomes

significant at sufficiently small radii, typically
r< 10 nm for isotropic metallic nanoparticles. Par-
ticles larger than 100 nm can then generally be
considered as bulk-like since this contribution
becomes negligible. This had been demonstrated
experimentally for structural phase transforma-
tions in different materials.9–11 In the case of the
aMc allotropic transformation in nanocrystalline
Fe, the size effect was shown to favor c-Fe at room
temperature (RT) when the grain size was smaller
than 8–40 nm, depending on the excess volume of
the a/c interface.12 It should be noted that in all of
the previous examples9–12 the effect occurred only at
the nanoscale (<100 nm), and the properties chan-
ged monotonically with decreasing length scale. For
example, if a phase transformation is suppressed
below a grain size of 50 nm, it is not expected to
occur again with a further decrease in grain size.

There is, however, evidence in the literature that
phase equilibria in sub-micrometer particles (i.e.
100 nm–1 lm) can be affected by additional factors
beyond capillarity.13 This holds true especially in
the case of single crystal particles obtained by high-
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temperature methods, since they often contain a
very low density of structural defects. This results
in a reduction in the available sites for heteroge-
neous nucleation and, consequently, increases the
nucleation energy barrier and critical nucleus size
for the transformation. If the barrier becomes
prohibitively high, the transformation is sup-
pressed. For example, in the classical experiments
by Cech and Turnbull, no martensitic transforma-
tion was observed in Fe-Ni microparticles of 30 lm
in size, and this was attributed to the scarcity of
heterogeneous nucleation sites.14 Single crystal sub-
micrometer particles, having even a weak surface
energy anisotropy, exhibit a faceted equilibrium
crystal shape.15 Since atomically-flat facets exhibit
low surface energy and area-density of mobile
atoms, nucleation on such surfaces is also associated
with a high energy barrier, further limiting avail-
able nucleation sites. When attached to a rigid
substrate, the contribution of the stored elastic
energy, which scales with particle volume, is
equally important in phase equilibria.2

The Au-Fe system shows great promise for exam-
ining size effects on phase transformations in sub-
micrometer particles. This is due to a combination of
high and strongly temperature-dependent Fe solu-
bility in Au, an absence of intermetallic phases,16

and a relatively large difference in surface energies
of Fe (2.4 J m�2) and Au (1.4 J m�2).15,17 A variety
of phase transformations and morphologies were
observed in the bulk system.18,19 The large solubil-
ity of Fe in Au allows ample ‘‘room’’ (in thermody-
namic degrees of freedom) for exploring various
phase transformations in the system. When using
sapphire as a substrate for Au-Fe particles and thin
films, the effect of thermal and misfit stress can be
examined due to a large difference in thermal
expansion coefficients and a relatively small lattice
parameter misfit.20 Furthermore, due to the high
energy of metal/ceramic interfaces, single crystal
Au-Fe particles can be easily obtained by solid-state
agglomeration (dewetting) of Au-Fe thin films.21,22

In this paper, we summarize the results of our
investigations of two phase transformation in Au-Fe
nano- and microparticles and thin films on a sapphire
substrate: precipitation of a-Fe from Au(Fe) parti-
cles23 and the aMcFe allotropic transformation.24 We
discuss the relevant length scales which govern the
size effect in these phase transformations, and pro-
pose a new nucleation model for nanoparticles.

EXPERIMENTAL

Electron beam deposition was employed to deposit
Fe and Au thin films of varying total and relative
thicknesses. The size of the particles obtained at the
end of the dewetting process was larger by a factor
of �10 than the total film thickness, which varied
between 3 nm and 30 nm.22 The global composition,
which scales with the relative thickness, was varied
between 32 at.% and 100 at.% Fe. The films were

deposited on c-plane sapphire ((0001) single crystal
a-Al2O3) substrates. Annealing of the samples was
performed either in a quartz-tube furnace or in a
rapid thermal annealing (RTA) furnace under form-
ing gas flow (Ar-10%H2), at temperatures between
600�C and 1100�C for times between 1 min and
48 h. The aMc transformation was studied primar-
ily by in situ x-ray diffraction (XRD). The main
characterization methods were high-resolution elec-
tron microscopies (HRSEM and HRTEM), as well as
atomic force microscopy (AFM) and XRD. Quanti-
tative compositional analysis was performed by
energy-dispersive x-ray spectroscopy (EDXS)
employing standards. The complete experimental
details may be found in Refs. 23 and 24, and only a
brief description is provided here.

RESULTS AND DISCUSSION

a-Fe Precipitation

Precipitation of a-Fe from supersaturated Au(Fe)
solid–solution particles was studied by employing a
two-step annealing regime. First, the as-deposited
films were annealed at 900�C (corresponding to a
single-phase region of the phase diagram), so that
they dewet as a homogeneous Au(Fe) alloy, result-
ing in homogenous solid-solution particles. These
particles were subsequently cooled down to 600�C at
which both face-centered cubic (fcc) Au(Fe) and
body-centered cubic (bcc) Fe(Au) phases are in
equilibrium. The purpose of this two-step annealing
was to prevent the precipitation of an Fe-rich phase
during the dewetting process, so that the transfor-
mation could be studied in the homogeneous single
crystal particles. Several compositions and particle
sizes were investigated. According to conventional
wisdom, the large difference in surface energies
between Au and Fe should result in precipitation of
Fe inside the parent Au particle, i.e. in a core–shell
morphology.3 This is illustrated in Fig. 1.

Instead, however, precipitation was observed at the
side of the Au particle (�1 lm in size), as shown in the
HRSEM micrograph in Fig. 2a. This location of Fe
precipitates—on the side facets of the parent Au
particles—is related to both nucleation and growth
aspects of the transformation. Due to the paucity of
nucleation sites in the bulk of the single crystal Au
particle and on its faceted top and side surfaces,
nucleation of a-Fe is most likely to occur along the
triple line with the substrate, at the vertices (inter-
sections between facets), or on facets exhibiting the
highest surface energy, as was indeed observed
during the initial moments of precipitation.23 Subse-
quent growth of Fe precipitated at the side of the
particle was explained by the presence of Au-rich
segregation layers on all surfaces of the Fe precipitate
and at its interface with the sapphire substrate. This
is shown in the high-angle annular dark field scan-
ning TEM (HAADF STEM) micrographs in Fig. 2b
and c, taken from a cross-section of an Fe precipitate.
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An anisotropic, quantitative model based on the
concept of weighted mean curvature25 was devel-
oped for describing the precipitation of Fe during
dewetting. The static analysis of the model showed
that, below some critical particle height, Fe precip-
itation occurs inside the parent particle when the
surface energy of the Fe precipitate is lower than
that of pure Fe and closer to that of Au. Above this
height, the stable precipitate position is adjacent to
the particle. This behavior was consistent with the
experimental observations of the precipitation pro-
cess,23 and demonstrated the effect of segregation,
an interfacial phenomena, on a phase transforma-
tion in large, single-crystal particles.

The segregation layers’ composition, thickness
and coverage determined quantitatively by EDXS
agreed well with the results of first-principles
calculations and classical thermodynamic models.26

The composition of the segregation layer at the
Fe(110) surfaces was �10 at.% Au, corresponding to

a smaller decrease in surface energy than antici-
pated in the precipitation model. However, the
elastic energy contribution, which was not included
in the model, plays an important role in the
transformation as well. While the Au-Fe interface
energy is much lower than the respective surface
energies, such an interface is also associated with a
lattice misfit that increases the total elastic strain
energy of the particle with increasing particle
volume. So long as plastic relaxation (via misfit
dislocations, for example) does not take place,
meaning that the particle does not yield, the
retained elastic energy may contribute to the driv-
ing force for segregation, in addition to surface/
interface energy reduction.26,27 This may be the
case for single crystal particles in the size ranges
reported in this work. In addition, the substrate also
affects the phase transformation since the lattice
misfit between Fe and sapphire depends on the Au
composition at or close to that interface. Thus, the

Fig. 1. Illustration of the dewetting of thin Au-Fe bilayers, resulting in core–shell particles. Here, the two-stage annealing is described, where the
films are first annealed at a higher temperature corresponding to a single-phase region of the phase diagram until homogeneous solid solution
particles are obtained. The annealing temperature is then reduced so that the precipitation of an Fe-rich phase takes place in the particles.

Fig. 2. (a) HRSEM backscattered electron micrograph of a Au(Fe) particle with several Fe precipitates. (b, c) HAADF STEM micrographs of a
cross-section taken from a precipitate similar to those in (a). Thin Au segregation layers (bright contrast) are marked. The contrast around the
precipitate in (b, c), a thin C layer in dark contrast and a thick, grainy Pt layer, is due to sample preparation.
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associated composition-dependent elastic energy
constitutes an additional driving force which affects
the composition distribution in the system. Our
finite element analysis demonstrated that this
elastic effect overshadows the contribution of inter-
facial energies for particles larger than �10 nm.27

In particles larger than 1 lm, lamellar Fe precip-
itates appeared inside the Au particle. An inter-
lamellar spacing of �200 nm was consistent with
the results for bulk alloys19 (see Fig. 3a and b). The
large Au sub-particle contains several defects,
including a twin boundary running parallel to the
substrate, and a complex interface is observed
between Au and the Fe lamellae (Fig. 3c). This is
an example of a size effect which affects the
precipitation mechanism for relatively large parti-
cles: once the particle size is below the lamellar
spacing typical for bulk transformations, precipita-
tion occurs on the side facets of the Au particle. This
lamellar spacing is generally a function of experi-
mental conditions and of various material parame-
ters and can vary significantly, yielding a size effect
for particles larger than 1 lm.

aMc-Fe Transformation

The aMc transformation was studied by in situ
XRD of Fe and Au-Fe thin films and particles up to a
temperature of 1100�C.24 Several Fe-rich composi-
tions and film thicknesses/particle sizes were
employed. The thin films were studied by in situ
annealing of the as-deposited samples, while parti-
cles were studied by pre-annealing the respective
films by RTA at 860�C for 1 h prior to in situ
investigations. This temperature was selected since
it is lower than the transformation temperature for
bulk pure Fe (912�C) and Au-Fe alloys (868�C),16

and the annealing time was sufficient to obtain
individual, single crystal particles. A bulk Fe sam-
ple was used as a reference. An example of a
complete experiment for Fe-Au films of 25 nm in

total thickness is shown in Fig. 4. The results from
that sample are shown for an illustrative purpose,
since they exhibit most of the possible observable
effects in such experiments, namely the transfor-
mation and composition- and temperature-related
peak shifts. The shifts in peak positions are a result
of thermal expansion and temperature-dependent
solubility which changes the lattice parameter of
the alloy. The approximate angular range corre-
sponding to each peak is marked. For each exper-
iment, the temperatures at which a c-Fe(111) peak
appeared and disappeared (if at all) were
determined.

Fig. 3. (a) HRSEM secondary electron micrograph of a Au(Fe) particle with a side Fe precipitate and several lamellar Fe precipitates. (b) HAADF
STEM micrograph of a cross-section taken from the particle in (a). (c) Magnified TEM micrograph of the lamellar precipitates, showing the Au–Fe
interfaces. In (a, b) the Fe phase is in dark contrast, whereas in (c), it is in bright contrast.

Fig. 4. A typical in situ XRD result, for a sample having a 25-nm
initial total thickness and a composition of 91 at.% Fe. Several
diffraction patterns are shown sequentially, where the first step
corresponds to the front pattern. The last two patterns (labeled 1100
and RT) represent another heating–cooling cycle of the sample. The
temperature- and composition-dependent positions of the relevant
peaks are marked, and the color coding represents temperature
(blue cold; red hot).
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The transformation did not occur in pure Fe parti-
cles regardless of their size, which varied between 50
nm and 500 nm. In the films, it took place only for the
thinnest (3 nm) and thickest (200 nm) films, and not
in films of intermediate thicknesses (7 nm and
25 nm). A significant superheating of �50–190�C
was observed for the 3-nm films, and of 0–50�C for
the 200-nm films, with hysteresis in the reverse
transformation. These ranges correspond to the tem-
perature increments of the annealing regime. The
phenomenon observed for the pure Fe films can
therefore be viewed as a ‘‘reverse size effect’’: the
transformation occurs in bulk Fe and in the thickest
studied film (200 nm); in the intermediate range of
film thicknesses (7 nm and 25 nm), the transforma-
tion is suppressed; and with further decrease in film
thickness, the transformation occurs again. In the
case of Au-Fe films and particles, the transformation
was always observed and the c-Fe phase persisted
down to RT. The superheatings of the a-phase varied
between 50�C and 230�C.

We now address the behavior of the pure Fe thin
films which exhibited the ‘‘reverse size effect’’. These
results can be explained by a combination of a low
concentration of structural defects in the pure Fe
particles, their faceted morphology, and a reduced
nucleation barrier in small systems. The immediate
effect of the former is the lack of heterogeneous
nucleation sites for c-Fe, leading to a superheating
exceeding 200�C. A similar explanation holds for the
films of intermediate thickness, since even during the
course of dewetting, faceted rims and singular (110)
surfaces are present, significantly increasing the
nucleation barrier. The 200-nm-thick film is sub-
stantially thicker than the rest of the employed
samples, and exhibits a bulk-like behavior. This can
be attributed to the presence of grain boundaries and
other crystallographic defects (misfit dislocations,
etc.) which are present in thicker films and cannot be
completely annihilated prior to reaching the trans-
formation temperature. The transformation was
observed for the thinnest films, since at the onset of
dewetting the average film thickness is still compa-
rable with the critical nucleus size, calculated to be
between 5 nm and 10 nm,28 whereas for the samples
of intermediate thickness the average thickness had
already increased beyond this value at the corre-
sponding stage of in situ annealing. Therefore, the
critical nucleus size serves as a lower length scale,
below which the nucleation barrier is greatly
decreased and facilitates the transformation, result-
ing in the reverse size effect. We have illustrated this
in our recent work by a simple nucleation model of a
lens-shaped nucleus in a spherical particle.24 In that
model, we assumed the simplest case of an isotropic
particle and equal surface energies between the a and
c phases. Here, we relax the latter assumption by
including this contribution of a difference in surface
energy to the energy balance, and studying its effect
on the nucleation barrier.

Neglecting the contribution of elastic energy, the
free energy of a c-Fe nucleus is given by:

DGn ¼ DGv � V þ ra=k � Sa=k þ Dr � Sk ð1Þ

where DGv is the difference in free energies between
c-Fe and a-Fe per unit volume, V is the nucleus
volume, ra/c is the energy of the a/c interface and
Sa/c is its area, Dr = rc–ra is the difference between
the surface energies of c-Fe and a-Fe, and Sc is the
surface area of the c-Fe nucleus. The following
analysis is identical to that of Ref. 24, with the
exception of the third term in the RHS of Eq. 1,
which accounts for the difference in surface energies
between the two phases. All the geometric param-
eters of the model are shown in Fig. 5.

Here, we assume that the surface energies of the
two phases are different, and therefore the contact
angle at the triple line, beq, is given by:

beq � b1 þ b2 ¼ arccos
Dr
ra=c

� �
ð2Þ

The free energy of the lens-shape nucleus formed
in a spherical parent particle of radius R and having
a constant contact angle, is given by:

DGn ¼
pR3DGv

3
2�3sin b1 � kð Þþ sin3 b1 � kð Þ
� ��

þ cot3 b1 � kð Þ 2�3cos b1 � kð Þþ cos3 b1 � kð Þ
� ��

þ2pR2 ra=c cot2 b1 � kð Þ 1� cos b1 � kð Þ½ �
�

þDr 1� sin b1 � kð Þ½ �g ð3Þ

Fig. 5. Geometrical construction (projection)employed incalculating the
volume, surface and interface area of the c-Fe nucleus [shown in gray].
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The angle k is defined as b1 þ b2 ¼ p=2 þ k, having
the meaning of a deviation from a contact angle of
90�, and therefore satisfies:

k ¼ arcsin
Dr
ra=c

� �
ð4Þ

To obtain the nucleation barrier, DGn
cr, we seek a

maximum of DGn (see Eq. 3) with respect to the
angle b1 at a given particle radius. This was
performed numerically for different values of R
and Dr, employing the parameters from Ref. 29, for
a superheating of DT = 5 K. The results are shown
in Fig. 6 for several values of Dr (positive, negative
and zero). The green curve in Fig. 6 corresponds to
Dr = 0 which reproduces the result obtained in our
previous work,24 along with the nucleation barrier
and critical nucleus radius in the bulk as dashed
lines. Positive values of Dr increase the nucleation
barrier compared to Dr = 0, and negative values
result in a lower barrier at a given particle radius,
as expected. Shriniyan et al. reported a negative
surface energy difference Dr = �40 mJ m�2;29 how-
ever, the scatter of surface energy data in the
literature does not lead to a clear conclusion on
whether Dr is positive or negative.30 Furthermore,
this value may depend strongly on temperature and
annealing ambient. Regardless, in all cases, the
nucleation barrier decreases with decreasing parent
particle size, with a strong decrease of up to two
orders of magnitude when the particle size is below
the bulk critical nucleus radius. It should be
mentioned that the curves shown in Fig. 6 are not
simply shifted by a constant with respect to each
other, which means that the difference in surface
energies has an intrinsic effect on the nucleation
barrier.

While the model presented here demonstrates
that for particles smaller than the bulk critical
nucleus radius the nucleation barrier is greatly
decreased, some major differences between it and
the experimental results should be mentioned.
First, the model does not include the presence of a
substrate. For a hemispherical particle on a sub-
strate, the model presented here yields a nucleation
barrier which is one-half of the obtained results,
assuming equal interface energies between a/c-Fe
and sapphire. Since data on the c-Fe/sapphire
interface energy are not available in the literature,
we were not able to estimate the error associated
with this assumption. The role of elastic energy was
also not taken into account in the model. While
there are several orientation relationships between
both a and c phases which results in a small amount
of strain energy,31 the rigid sapphire substrate may
impose a crystallographic orientation on each phase
which results in a higher elastic energy in the a/c
particle (but lower for the whole system, including
the substrate). Evidence for this may be found in the
complex shape of the Au-Fe interface in Au-Fe
particles.23,32 Finally, the reverse size effect was

observed in the ‘‘thin film samples’’ rather than in
the pre-annealed ‘‘particle samples’’, since the par-
ticles obtained by pre-annealing are large, defect-
free single crystals in which the nucleation barrier
is prohibitively high. The thin films, however,
agglomerate quickly during the in situ annealing.
Once the transition temperature is reached, the film
is still largely intact with only sporadic holes
indicating the onset of dewetting, as shown in
Fig. 7. Nucleation of c-Fe is then likely to take
place around the edges of the holes, where the
geometry resembles that of a hemispherical particle
attached to a continuous thin film,22 or in the
nanoparticles present at the center of some of these
holes. To simplify our analysis, we approximated
the aforementioned nano-scale features of the thin
films exhibiting the ‘‘reverse size effect’’ by spheres.
The retracting edge of a thin film and the facetted
nanoparticles present at this stage could be reason-
ably approximated as such by our model, since
neither their anisotropic character nor the presence
of the substrate should impact the trend of dimin-
ishing nucleation barrier with decreasing particle
size. The presence of a substrate, for example,
should simply reduce all nucleation barriers by a
constant factor (2, for hemispherical particles).
Therefore, the proposed model captures the essen-
tial features of our experiment.

In contrast to the pure Fe samples, the Au-Fe
samples (annealed in a two-phase region of the
phase diagram) contain Au-Fe interfaces. This fcc/
bcc interface may facilitate the nucleation of the fcc
c phase and may also (meta-)stablilize it down to
RT. Indeed, many Fe particles attached to a Au sub-
particle exhibited a characteristic fcc crystal shape,
which has an hexagonal shape with a top {111}
facet.15 In some cases, the Fe sub-particle appears to

Fig. 6. Calculated nucleation barrier for c-Fe in an a-Fe particle as a
function of its radius, R, at a superheating of DT = 5� and for several
values of the difference between the surface energies of the two
phases, Dr. The energy barrier and critical radius for nucleation in
the bulk (for Dr = 0) are marked by dashed lines. Both axes are
presented in logarithmic scale to emphasize the differences between
curves and the deviation from bulk behavior.
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‘‘complete’’ the shape of the fcc Au particle, as shown
in Fig. 8a. In contrast, when no Au phase is present
in a particle, or when its relative volume fraction is
very small, the Fe particles adopt a bcc shape with a
top {110} facet. Figure 8b compares two adjacent Fe
particles. The particle on the left side exhibits traces
of an attached Au sub-particle which may have
evaporated due the prolonged annealing at high
temperatures, since both the particle size and Au
volume fraction are smaller compared with the

particle in Fig. 8a. This particle exhibits a fcc shape,
whereas the particle on the right side lacks any
visible Au traces and exhibits a bcc shape. It should
be noted that an Fe particle observed at RT with a
fcc shape is not necessarily c-Fe, and that similar
particles were also observed in pure Fe samples
where the c phase was not retained at RT. In these
particles, the (fast) transformation back to the a
phase took place during cooling, whereas the asso-
ciated change in crystal shape (which involves
diffusion on singular surfaces) is significantly
slower. Thus, a bcc particle may also exhibit a fcc-
like crystal shape. Nevertheless, c-Fe particles as
large as 200 nm were observed at RT by HRTEM.24

In nearly all samples in which c-Fe was formed, it
coexisted with a-Fe. This is due to the wide size
distribution associated with particles obtained by
dewetting, especially of single crystalline thin films,
and of alloy thin films.23

The Size Effect

Based on our observations of two phase transfor-
mations in Au-Fe particles and thin films, we were
able to identify two length scales which characterize
the size effect. The upper length scale, below which
the transformation is significantly delayed, is the
average distance between crystallographic defects,
which serve as preferred sites for heterogeneous
nucleation. A single crystal particle which does not
contain such defects will generally not transform
under reasonable superheatings, regardless of its
size. In practice, such particles of up to 10 lm in size
may be obtained by solid-state dewetting of thin
films. Such particles are typically faceted, and
nucleation on their atomically-flat surfaces is asso-
ciated with a prohibitive nucleation barrier.33 How-
ever, if the particles exhibit a weak anisotropy of
their surface energy, and therefore do not contain
(many) facets, nucleation on their free surfaces
becomes competitive with nucleation on bulk crys-
tallographic defects due to the high concentration of

Fig. 7. HRSEM SE micrograph of a 3-nm-thin Fe film on sapphire,
annealed in the RTA at 860�C for 1 min at a heating rate of 3�/s. This
annealing simulates the first stages of the in situ annealing of the
films and shows that they had not completely agglomerated into an
array of equilibrium-shape particles.

Fig. 8. (a) HRSEM BSE micrograph showing a Au-Fe bi-particle. (b) HRSEM SE micrograph from a Au-Fe sample showing an a- and c-shaped
Fe particles on the right and left sides, respectively. The contrast adjacent to the left particle suggests the prior presence of a Au sub-particle.
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surface defects. The same considerations can be
applied to interphase boundaries: the complex Au-
Fe interface observed in Au-Fe particles (e.g., Fig. 3)
is not faceted and its presence facilitates nucleation
of c-Fe even in Fe particles with faceted surfaces.
On the other hand, the planar interface between
sapphire and Fe particle with a low-index orienta-
tion relationship23,34 does not facilitate nucleation
of c-Fe, whereas preliminary results indicate a
different behavior for similar particles on an amor-
phous SiO2 substrate.24

The lower length scale, below which the phase
transformation is observed again, is related to the
bulk critical nucleus radius size. In nanoscale fea-
tures (particles, films) which are smaller than this
length scale the nucleation barrier at the surface can
be reduced by up to 2–3 orders of magnitude,
depending on the degree of superheating24 and the
difference in surface energies between the two phases
(Fig. 6). Since the nucleation rate is described by an
Arrhenius dependence, such a reduction in the
barrier yields a substantial increase in nucleation
rate at a given temperature. Even though these
predictions are based on our isotropic model, the
nucleation barrier associated with atomically-flat
facets is not expected to differ substantially.

CONCLUSION

In conclusion, we demonstrated a size effect in
phase transformations in Au-Fe particles of up to
1 lm in size. For a-Fe precipitation, the effect of
solute segregation, in combination with the aniso-
tropy of surface energy and elastic strain energy,
dictated the phase transformation kinetics and
resulting morphology. The aMc transformation in
pure Fe occurred only in the thinnest and thickest
Fe films, resulting in a ‘‘reverse size effect’’. In Au-
Fe particles and films, the transformation occurred
in all samples and c-Fe particles persisted down to
room temperature. These results were explained in
terms of the lack of heterogeneous nucleation sites
and the facilitating presence of an Au-Fe interface.

The size effect in large particles, and the reverse
size effect in thin films reported in this work,
subvert the existing paradigm that the size effect
in phase transformations is mainly related to cap-
illarity, and becomes significant when at least one of
the characteristic dimensions of the system is
smaller than 100 nm. The combination of both
length scales described in this work presents a
‘‘window’’ in which phase transformations may be
inhibited due to a size effect related to nucleation
difficulties. In addition, these results could prove
beneficial for nanostructures design. For example,
Au segregation was utilized to form the shell in

core(Fe)-shell(Au) micro- and nano-particles, by
employing a sufficiently-high Fe concentration,35

or to alloy the grain boundaries of thin Au films.26
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